The intake and digestibility of forages is largely influenced by the fibre content and specifically the neutral detergent fibre (NDF). Currently, the focus in commercial diet formulation and the modelling of animal performance is on the total NDF so as to achieve higher ruminant feed intakes, higher production performance and rumen health. Rations are often formulated for a specific level of NDF in the diet assuming that the digestibility of NDF operates over a narrow range. Forage NDF, particularly in C4 forages, varies greatly in potential digestibility within the rumen. This potential digestibility is defined as the NDF fraction which disappears after a long incubation period and the remaining indigestible component of NDF (iNDF) is unavailable for microbial digestion. It is hypothesized that this dietary iNDF has an important role in contributing to rumen digesta load and voluntary intake. Formulating a diet to a specific level of NDF without reference to the iNDF could markedly affect the resulting intake, digestibility and metabolisable energy (ME) content of the diet. It is concluded that nutritional models need to be modified to accept directly determined iNDF.
Introduction
The digestibility of forage and the capacity of ruminants to consume it, are largely influenced by its content of neutral detergent fibre (NDF). Currently, the focus in commercial diet formulation and the modelling of animal performance is on the total NDF to optimise feed intakes and productivity without unduly compromising rumen health. Diets are often formulated to a specific level of NDF with an underlying assumption being that the digestibility of that NDF spans a narrow range. When feeding temperate forages or corn silage this assumption holds true, however, when considering a broader selection of tropical (C4) forages the NDF does vary in ruminal digestibility, to an important extent. This digestibility of the fibre is directly related to potentially digestible portion of NDF (pdNDF) [1, 2] . Potential digestibility is defined as the NDF fraction which disappears after a long incubation period, leaving the indigestible component of NDF (iNDF) which is unavailable for microbial digestion [3, 4] . Tropical forages can have the same NDF content but differ vastly in iNDF. Nutritional models predict dietary iNDF to be an important driver of rumen digesta load and therefore feed intake [5] . In vivo, strongly negative relationships between iNDF and feed intake have also been demonstrated when iNDF content exceeds 15% of total dietary dry matter [6] . In vivo data also implicate iNDF as a predictor of organic matter (OM) digestibility in forage-based diets [7] . Formulating a diet to a specific level of NDF without reference to iNDF could markedly affect energy supply through reduced feed intake, digestibility and metabolisable energy (ME) content of the diet. The digestible proportion of NDF has the greatest impact of all energy supplying nutrients on energy supply to the ruminant, in forage-based feeding systems. However, in Australia, despite the importance of iNDF, few nutritionists knowingly take iNDF into direct account when formulating diets. Moreover, iNDF values for a range of forages commonly used in diets are not readily available in feed analysis databases. Better assessment and awareness amongst nutritionists of the importance of iNDF for the range of tropical pasture species commonly used will improve the capacity of nutritionists to predict NDF digestibility and therefore to more effectively develop balanced diets.
Defining NDF
The NDF is important as a source of ME, a controller of rumen turnover rate, and is required to stimulate saliva production, which buffers the rumen thereby promoting rumen health. The NDF comprises the cell wall fraction of forages and includes a complex matrix of lignin, small amounts of protein, and various polysaccharides, particularly cellulose, hemicellulose and pectin [8] . Cell wall structure and composition vary greatly across species, plant tissues, and within a plant as it matures. The polysaccharides of plant cell walls are potentially digested by the rumen bacteria, protozoa and fungi. Classical reviews [9] [10] [11] [12] identify the significance of the anatomical and chemical structure of leaf and stem, and the detrimental effect of lignin on the capacity of rumen microbes to digest NDF. In initial development, a plant cell wall consists of a primary wall principally made of cellulose. After the cell completes growth and elongation, the secondary thickening in the cell wall occurs with large proportions of cellulose and hemicellulose being laid down. In the rumen, cellulose and hemicellulose are slowly digested, but given enough time can be completely digested if these components are not protected by lignin [13] . Once the secondary wall deposition is completed the primary wall is lignified and the lignification then progresses to deposition of the secondary wall which occurs on the inner surface of the cell lumen. The concentration of lignin is highest in the primary wall but because the secondary wall is greater in volume and mass it contains the greater amount of lignin [14] . Also during the maturation phase there is a greater accumulation of stem mass compared with leaf material with the stems containing more tissue with secondary thickening [15] and subsequently higher concentrations of cellulose, xylan and lignin [16] . In the rumen the lignin component is the primary factor responsible for limiting the digestion of the cell walls [16] and its presence further restricts the digestion of the polysaccharide fraction to which it is cross-linked.
Non-lignified cell walls parts can be accessed by rumen bacteria either on the external exposed surface of the cell wall, internally through the lumen and via adjoining cells walls [17, 18] . A high concentration of lignin in the primary walls creates a barrier to microbes, thus preventing total digestion of the plant cell [15, 19] . Rumen bacteria digest cells from the interior initially attacking the secondary wall and then progressively digesting the primary wall [19] . The low accessibility of the secondary wall surface to the rumen microorganisms highlights the importance of the mastication and rumination process that causes the physical disruption of the lignified plant cells [15] , as well as increasing the surface area available for microbial colonization [16] . It is estimated that within an ingested piece of a typical grass forage approximately one third of the cells leave the rumen without being digested due to the inaccessibility or lack of exposure to rumen microbes [12] .
Lignin is a non-carbohydrate polymer composed of phenolic units that are extensively cross-linked to form a lignin-carbohydrate complex. The chemistry of forage lignin and the biosynthesis of various forms have been reviewed by Jung (2011) [20] . Forage lignin is a mixture of guaiacyl and syringyl monolignols with the latter increasing in proportion with maturity. The nature of the lignin-carbohydrate complex varies with the type of cell wall and the species of plant [21] . In grasses, lignin is bound to the hemicellulose fraction through ferulate cross-links which result in lower cell wall digestibility, independent of lignin concentration [22, 23] . Various corn mutants, e.g., brown midrib mutants, have been discovered with reduced ferulate ester deposition resulting in improved cell wall digestibility [24] . It is unknown whether C4 forages have a greater amount of ferulate cross-links and would be worthy of examination. In legumes, it is assumed that lignin is cross-linked to the cell wall polysaccharides but the chemical linkage has not been identified [25] . More needs to be understood about the structure and chemistry of lignin within forage tissues if the often presumed predictive relationship between lignin and dietary energy supply is to be improved. Alternatively and more practically, a direct determination of iNDF may circumvent the need to use lignin as a predictor.
Indigestible NDF and Its Importance to Voluntary Feed Intake
NDF has been proposed as a reliable predictor of voluntary dry matter (DM) intake under certain conditions [26] . The relationship between NDF content and food intake is complex and not a linear relationship [27] . The amount and quality of NDF in a diet can either enhance or limit intake. At lower NDF concentrations (7.5%-35.5%), DM intakes increased with increasing dietary NDF concentration, but DM intakes decreased sharply as NDF concentration increased over the range of 22.2%-45.8% in high-producing animals [28] . Low DM intakes at higher NDF contents is associated with rumen fill constraints [2] . The relationship between DM intake and NDF is more than just NDF content in the diet but also dependent on the potential digestibility of NDF (pdNDF) [2, 3, 29] . The pdNDF fraction, is defined as the difference between the NDF and iNDF. It is the iNDF component that is the rate-limiting constituent of forages at higher NDF level [6] .
The iNDF is unavailable to microbial digestion in ruminants even if the total tract residence time of fibre is extended to effectively an infinite time [30] . The lack of digestibility in the iNDF fraction of forage is attributable to the cross-linking between cell wall lignin and hemicellulose [31] .
A higher iNDF intake limits a ruminant's ability to consume sufficient forage to meet nutrient requirements. The intake of forage-based diets by ruminants is often controlled by rumen fill and the rate of disappearance [32] . The rate of disappearance is largely influenced by the inherent rate of digestion and passage rate [1, 2] . The indigestible portion is removed from the rumen by passage only [3] and will accumulate in the rumen relative to the potentially digestible portion [1] , therefore having a longer rumen retention time [33] . A longer retention time in the rumen results in a lower intake [34] . According to Ellis et al., (1999) [5] the determination of iNDF should be included in all basic feedstuff analysis because it is an ideal fraction which has zero digestibility and can be used for the estimation of pdNDF. It is therefore recommended that there should be a defined proportion of iNDF in the diet. Lippke (1986) [6] suggested that maximum iNDF consumption is about 20 g/kgBW 0.75 .day, however more research is required to resolve if this value is relevant for different production systems and different forages.
The Use of NDF in Diet Formulation
Currently the commercial focus in diet formulation and modelling of higher performance ruminant animals is on total NDF so as to achieve higher intakes of diets containing a higher energy content. The National Research Council [35] recommends dairy cow diets should contain approximately 30%-35% NDF in the DM. This range represents a balance between increasing voluntary intake of DM and milk production without compromising milk fat [28] . This low level of NDF can be difficult to achieve in subtropical/tropical areas due to the predominance of high NDF forages and so 40% is considered a more achievable target in subtropical grazing systems. In terms of feedlot beef production, the NDF content in the diet is often much lower (16%) [28] due to the high starch diets. Lower levels of NDF in the diet could cause rumen dysfunction therefore a minimal level of NDF is required for animal health, whilst still meeting market specifications.
Balancing diets for high-producing ruminants based on NDF content is still problematic due to the high variability in forage NDF. In our laboratory 200 summer dairy forages (temperature and subtropical) were analysed for NDF where content ranged from 20%-80%. This is not dissimilar to the range (30%-80%) published by Jung and Allen (1995) [36] . The NDF content of a forage increases as the plant matures [16] and is also dependent on the growth environment [16] including temperature, light intensity, water availability and latitude. Even accounting for the large variation in NDF contents of forages, the relationship between NDF level and animal performance often does not hold. Even when diets are composed of similar NDF concentrations the NDF in the constituent forages may have variable degrees of potential digestibility. This variability is especially apparent in subtropical areas. In the analyses of the 200 summer dairy forages the pdNDF ranged from 26% to 90% of the NDF. These large differences in the pdNDF will have a large impact on DM intake. When ruminants are fed a forage diet, increased fibre digestibility generally improves animal performance. Accurate estimation of pdNDF is a prerequisite for improving diet formulation, forage evaluation and productivity responses.
A model based on the concept of potential digestibility was developed by Waldo et al., (1972) [3] and is still useful for the examination of intake regulation and digestion [1, 2] . Indigestible NDF is a prime determinate of the utilization of forages in many models [37] . Nutritional models such as Cornell Net Carbohydrate and Protein System (CNCPS) [38, 39] and the Nordic model of dairy cow metabolism "Karoline" [40, 41] also utilise an indirect calculation of iNDF to calculate OM and NDF digestibility, rumen NDF pool and microbial N flow which consequently has effects on the supply of energy and microbial protein.
The effect iNDF content has on food intake is especially apparent in grazing ruminant systems in subtropical and tropical regions. The challenge from the producer's perspective is to ensure higher intakes from forage. Increased production can be achieved by ensuring the iNDF content of the diet is low without necessarily decreasing the NDF content of the diet. This would involve identifying agronomic options to improve forage quality by lowering the iNDF content of both pasture and silages and requires a better assessment of the iNDF content rather than relying on just the NDF content.
However, despite the known importance of iNDF in both intensive and extensive ruminant production systems, particularly in subtropical and tropical areas, such data are still not present in readily available feed analysis data bases used in Australia. The actual values do not exist in well-known databases such as Feedipedia or in feed tables associated with popular nutritional models. The most likely explanation for this lack of information is due to the difficulty in assessing iNDF.
Assessment of iNDF
There are a number of methodologies including in situ or in vitro techniques, used in the determination of iNDF. The in situ techniques attain the degradability of forages by incubating samples in nylon bags which are placed in the rumen of fistulated animals. Bags are then extracted at 10-12 days. This technique is a useful predictor as it ferments feed in the actual rumen environment, and requires minimal effort to perform [42, 43] . However, this technique often has poor repeatability due to a lack of standardized procedures [42, 44, 45] .
The alternative long term ruminal in vitro methodology is more suitable for larger scale feed evaluations and is more cost effective. Commercial forage testing laboratories offer in vitro assays for NDF digestibility, however there is no standard analytical procedure, therefore results across laboratories are essentially not comparable. In addition these are generally short term fermentations (24 h or 48 h) and do not measure the actual iNDF component which require the 10 day fermentation. In vitro methodologies are commonly modifications of the Goering and Van Soest (1970) [46] in vitro procedure whereby forage is incubated in ruminal fluid, buffer and minerals, followed by a neutral detergent rinse and the residues dried and weighed. This technique is a modification of the two-stage in vitro DM digestion technique of Tilley and Terry (1963) [47] , whereby feed is incubated in ruminal fluid and buffer, the remaining solid residue is then incubated in acid pepsin to mimic the digestion in the abomasum and the final residues are then dried and weighed. The use of rumen fluid provides the system with a large array of enzymes to effectively digest the feed samples, however, there is significant inter-assay error introduced by the rumen fluid inoculum due to the variable activity related to the host animal from which it is collected and its dietary quality. To maximise the effectiveness of the rumen fluid it is advised that the donor animals should be fed a diet similar to what is being analysed [42, 44] , the rumen ammonia level must be above 50 mg/L [48] , fluid needs to be collected at a fixed time, contamination with oxygen and saliva needs to be avoided, the collected rumen fluid needs to be kept at 39 °C, and there needs to be a rapid transfer to the in vitro system [49] . The development of the ANKOM Daisy system was based on a modification of the Goering and Van Soest (1970) [50] technique This technique uses the F57 Ankom filter bags which streamline NDF analysis following digestion, by eliminating the need to filter digesta samples. With all long term fermentations, media needs to be replenished after five days.
Any inter-laboratory variations in the determination of digestion rates and iNDF must be reduced if meaningful estimates of ruminal degradation can be generated for use in predictive models. Some sources of variation are inevitable due to rumen fluid variations, but a large amount of variation can be reduced with the adoption of a common methodology such as the standardisation of forage grinding length, bag porosity, open surface area, and sample weight to bag size [42, 44] .
Many laboratories find long term fermentations for determining the iNDF fraction laborious and expensive therefore many nutritional models attempt to predict iNDF from the acid detergent lignin (ADL) concentration [51] [52] [53] . Chandler (1980) [51] estimated the iNDF fraction as the measured ADL content multiplied by 2.4 and this relationship is used in a number of laboratories and nutritional models. This concept was validated using several forage species (corn, alfalfa, grasses and wheat straw) and obtained a satisfactory regression (R 2 = 0.94) between observed and predicted iNDF [54] . This (2.4) factor is presumed to be universal across forage species and growth environments. However, this simplistic mathematical relationship does not hold across C4 forages where large variation in the iNDF/ADL relationship is observed [55] . In this study a diverse set of forages were analysed for iNDF using long term fermentation and was also analysed for ADL. The iNDF/ADL ratios ranged from 1.5 to 6.2 and averaged 3.82 which were markedly higher than the 2.4 ratio used in forages in the CNCPS model used to predict iNDF. This work is supported by other studies [30, 56] where attempts to describe forage iNDF from ADL contents generally had low accuracy and precision.
It has been suggested that specific equations for forage groups, based on morphological similarities, may improve the accuracy of iNDF prediction from ADL content [44, 57] . In the study by Harper et al., (2014) [55] the iNDF/ADL ratio variation within most subtropical forage groups, was very large. The iNDF/ADL ratio for kikuyu pasture ranged from 1.4-4.8. Variability within single forage species was also found by Huhtanen et al., (2006) [30] whereby diets for individual forage species varied between 2.8 and 5.5. Therefore, iNDF estimations using a simplistic ADL model even within a forage species, would still be unacceptably inaccurate. This raises the issue of the relevance of the calculation of iNDF from ADL in models in many subtropical and tropical areas. Using this equation on C4 forages leads to inaccuracies with regard to predicting NDF digestibility of forages and would result in errors in predicting ME content.
Lignin is not a uniform entity of cell walls and the variability of the ADL relationship with iNDF is probably attributable to the differences in cross-linking between the lignin and hemicelluloses between C4 forage species and as these forages mature [31] . In addition, the ADL relationship may be prone to environmental conditions such as temperature and light intensity [30] . C4 forages are grown across variable and harsh growing conditions and have an extreme nutritive range with maturity. With this in mind, it is not surprising that there were differences in the ADL/iNDF relationship when comparing temperate forages grown in cooler environments with C4 forages grown over a range of harsh environments.
Impact on the Prediction of Production
The inclusion of iNDF in nutritional models such as CNCPS, albeit indirectly, indicates its importance as a predictor of animal production. The way in which it is determined (ADL × 2.4) is likely to be unreliable in situations where C4 forages are fed. This is due to the poor relationship between iNDF and ADL found across a wide range of C4 forages. In general, an underestimation of iNDF results in the overestimation of the fractional rate of digestion (Kd) for many of the C4 forages. Modelling readily indicates how true iNDF values can change the predictions of ME supply and milk production in lactating dairy cattle [58] (Table 1) . Generally the nutritional models underestimate iNDF content in most C4 forage groups and therefore over-predict potential milk production. The hypothesis that directly measured iNDF will increase model accuracy needs to be vigorously tested using C3 as well as C4 forages. Table 1 . Milk production (kg/day) and total metabolisable energy (ME) supply (MJ/day) estimates from the CNCPS, based on predicted iNDF2.4 or in vitro iNDF240 of forage groups relevant to dairy diets in Queensland, Australia. An over-prediction of ME supply and estimated milk production by CNCPS, when iNDF is calculated from ADL in contrast to actual iNDF estimates, is due to the way in which the potential ME is estimated from the NDF fraction in this model. The potentially digested NDF, therefore the ME available, is estimated from the difference between NDF and iNDF content. In turn, the iNDF content is estimated from the ADL content multiplied by 2.4 [53] . The estimation of iNDF based on the ADL × 2.4 model has further implications on other calculations used to estimate key metabolic activities within the model. This includes the prediction of the available NDF fraction (CB3), the ruminally degraded CB3 (RDCB3), the ruminally escaped CB3 (RECB3) and ruminally escaped iNDF (RECC), which are all affected by the iNDF input [39] . These fractions comprise part of the carbohydrate intake variable which is applied in the equation for calculating ME supply. The implications are, that when the CNCPS model under-estimates the iNDF content in the forages, it could over-predict milk yield in dairy cows.
Alternative Assessment of iNDF
Indigestible NDF is a useful index for predicting OM digestibility and its inclusion in feed evaluation models increases accuracy [30] . Its use, however, is constrained by the difficulty in conducting long term fermentation procedures, and it is not accurately predicted from ADL content. It is therefore important to develop short-term techniques to predict iNDF. The application of near infrared reflectance spectroscopy (NIRS) is a rapid, cost effective and accurate forage analytical technique [59] . A close relationship between NIRS and iNDF of grass silage was reported by Nousiainen et al., (2004) [56, 60] . The NIR spectral data from a forage sample has a strong correlation with OM components such as NDF, acid detergent fibre, ADL and crude protein [61] which is directly related to organic carbon bonds. These relationships have been used as predictors of various OM components [62, 63] with universal calibration equations developed from large (>100) sample sets. The prediction accuracy is dependent on a significant and strong correlation (R 2 > 0.85) of the spectral data and wet chemistry [64] . Robust NIRS calibrations have been developed using largely C4 forages for the prediction for iNDF [65] . The use of FT-NIR provides rapid and reproducible results. These calibrations have acceptable prediction for iNDF for use in practical feed evaluation for a broad range of forage samples. Using the iNDF values developed from NIRS calibrations would improve the accuracy and utility of feed and diet evaluation models for ruminants compared with the current technique that uses ADL to estimate iNDF values.
Model Recommendations
A frustration with many of the current nutrition models is that they do not allow direct input of iNDF values. The CNCPS for example, only allows direct input of ADL values and then calculates iNDF from ADL according to iNDF = ADL × 2.4. In such models, input of actual forage iNDF values can only be achieved by modifying ADL values. For example, if the intended iNDF is 12 units, then the input value for ADL needs to be 12/2.4 = 5 units. This adjustment is awkward and time consuming. Computer models need to be modified to allow easy direct input of iNDF values which are just as easily estimated as chemical determined ADL values.
Conclusions
The quantity of iNDF in a forage-based diet plays a significant role in the regulation of the digestibility of diet and the feed intake of ruminants to which it is offered. This is particularly apparent for C3 versus C4 forages, the latter having characteristics such as targeted lignification that allow the plant to cope with harsh environmental stress. These morphological and anatomical characteristics provide support and strength to C4 plants but also provide resistance to microbial degradation [15] and therefore energy availability. The C4 forages often have high NDF concentrations and, depending on stage of maturity and environmental growing conditions, have a generally higher but variable proportion of iNDF in the total NDF. A better assessment of iNDF rather than just NDF is beneficial as a model input to accurately estimate total energy intake of ruminants fed C4 forages. Long-term fermentation experiments on forages provide an accurate assessment of the iNDF content. Alternatively, the iNDF can be estimated with high accuracy and quickly using NIRS. The iNDF of individual forage samples should be included in diet formulation models, especially for diets based on C4 forages. Nutritional models need to be modified to accept directly determined rather than mathematically derived iNDF values as inputs. This would improve the capacity of nutritionists to predict NDF digestibility and therefore balance diets more effectively, particularly in subtropical and tropical ruminant production systems.
